The diffusing capacity of the lungs (DL) is defined as the rate of a gas transferred, divided by the difference in the mean partial pressure of that gas across the alveolar-capillary "membrane." Direct determination of the diffusing capacity for oxygen (DLo2) has been limited by technical difficulties and by the problematical calculation of the mean oxygen pressure on the capillary side of the pulmonary membrane. Measurement of DL for carbon monoxide (DLCO) has been preferred because the affinity of CO for hemoglobin is so great that plasma tension or "back pressure" has been considered negligible and therefore disregarded (1).
The diffusing capacity of the lungs (DL) is defined as the rate of a gas transferred, divided by the difference in the mean partial pressure of that gas across the alveolar-capillary "membrane." Direct determination of the diffusing capacity for oxygen (DLo2) has been limited by technical difficulties and by the problematical calculation of the mean oxygen pressure on the capillary side of the pulmonary membrane. Measurement of DL for carbon monoxide (DLCO) has been preferred because the affinity of CO for hemoglobin is so great that plasma tension or "back pressure" has been considered negligible and therefore disregarded (1) .
The technique which Krogh (2) introduced for determination of DLCO involved measurement of alveolar CO pressure (PAcO) at the beginning and end of breath-holding. Gas containing CO was inhaled and a small portion exhaled immediately for determination of the initial CO pressure (PAcoi). A second sample was delivered at the end of the breath-holding period for measurement of the final CO pressure (PACof). Also determined were the volume of the lungs at which diffusion occurred (VA) and the barometric pressure (B PAcoi = PIco X FIH, [2] This method is attractive for clinical estimation of the diffusing capacity because it is bloodless, and the entire test with analyses requires only a few minutes once the residual volume has been determined. However, during studies in our laboratories beginning in 1954 some disturbing facts emerged concerning this method. We noted that: a) values for the single breath DL (4, 5) . Such differences were first observed by Krogh (2) but recently Forster and associates (3, 6) and Ogilvie, Forster, Blakemore and Morton (7) have not been able to find significant differences in DL due to changes in lung volume.
The purpose of the present study was, therefore: a) to study the relationship between alveolar volume (VA) and DL; b) to study the effects of plasma CO back pressure on the values obtained by the single breath technique; and c) to consider the reasons for the numerical differences between DL values obtained by the single breath and steady state techniques.
METHODS
The single breath DL was determined according to Krogh with the modifications of Forster and co-workers (3) . Seated subjects inhaled a mixture containing approximately 0.3 per cent CO, 20 per cent 02, 10 per cent He, and 70 per cent N2 through a large-bore, four-way valve from a box-balloon spirometer designed for this purpose.2 The inspired volume was recorded by the spirometer attached to the box. Inspiration was made from residual volume at maximal speed. The period of breath-holding was timed with a stopwatch and could be checked in retrospect from the tracing obtained at a paper speed of 3.2 cm per second. Ordinarily, the stopwatch was started at the beginning of fast inspiration and stopped at the beginning of expiration. Timing errors were never more than 1 second except in patients with severe emphysema when timing was always a problem. After 10 seconds the gas was exhaled rapidly. Exhalation of about 1 L was allowed for valve and lung dead space washout prior to alveolar sample collection, except in patients with a vital capacity of less than 1.4 L in whom 600 ml sufficed. A minimum of 350 ml was required for C02, CO and He analysis. The alveolar sam- ple was then collected in a 2 L anesthesia bag with nipple.
Inspired and expired gases were analyzed for CO with an infrared meter.3 With the low amplification factor used for these experiments, samples could be analyzed with a reproducibility such that the standard deviation in any large number of CO analyses was less than 1 per cent of the mean value. The zero reading was adjusted with dry room air and the full-scale reading with inspired gas. Although the meter is known to respond slightly to CO2 due to overlapping absorption bands, gases containing up to 8 per cent CO2 produced no detectable deflection with the amplification used. The meter reading for expired gas was converted to percentage of 2 Box-balloon respirometer (no. P-1100) with fiveway Hans Rudolph Valve (no. P-326). Warren E. Collins, Inc., Boston, Mass.
3 Gas analyzer, model 15, Liston-Becker Co., Stamford, Conn. inspired gas by reference to our calibration curve. Details of measurement, calibration and over-all analytical error have been described elsewhere (8) .
Helium concentrations were measured with a conventional catharometer. This instrument, however, responded significantly to CO2 concentrations of the magnitude encountered: 5 per cent CO2 caused an underestimation of the true helium concentration by about 0.8 per cent helium. Therefore, the gas sample always was first analyzed for CO2 with another infrared meter,4 or Scholander apparatus. Calibration curves constructed from known He-CO2 mixtures, showing deflections due to varying amounts of CO2 at given meter readings, were used for correction. The same results were obtained when the CO2 was absorbed prior to helium analysis and a correction was made for volume change. Helium analyses were considered accurate within 0.2 vol per cent; an error of this magnitude may change the DL by 2 to 3 per cent. It is evident from Equations 1 and 2 that a constant analytical error of either CO or He cancels if it is of the same magnitude for both inspired and expired gases; and that the use of helium as a tracer eliminates errors due to apparatus dead space of either the inspiratory or expiratory circuits. All gas volumes were corrected to STPD.
For measurements of the DL at different lung volumes serial determinations were made. A long pointer, visible to the patient, was attached to the spirometer counterweight; the spirographic paper was marked at 1-L intervals and subjects were instructed to inspire to a different mark for each test. The actual volume inhaled on each occasion was measured from the spirogram with an accuracy of ± 10 ml. Exercise studies of both single breath and steady state DL were made with subjects walking on a treadmill at 3 miles per hour on an 8 per cent grade after a steady state had been achieved.
The residual volume, required for calculation of VA, was measured by the open-circuit nitrogen washout method (9) , modified by addition of an alveolar trap for determination of the "pulmonary mixing index" and a box-balloon system to ascertain the "switching error" (10) .
Carboxyhemoglobin (COHb) saturations, required for studies of back pressure, were determined according to the method of Gaensler and associates (8) in which all blood gases are extracted on the Van Slyke apparatus and analyzed with the infrared CO meter; this method is accurate to 0.02 vol per cent. The alveolar sampling method of Jones, Ellicott, Cadigan and Gaensler (11) , in which the lungs are used as a tonometer, was used for rapid screening of COHb saturation and for determination of intermediate points during multiple studies.
The steady state DL(10 was measured by the "physiological dead space" method of Filley, MacIntosh and Wright (12) with the subject in the supine position.
DL may increase slightly with recumbency (13) ; the numerical differences here reported between the steady SINGLE BREATH DIFFUSING CAPACITY (1957) (1958) (1959) state and single breath methods, therefore, might have been even larger if the subj ects had been in the same position during both determinations.
In the ensuing Discussion and illustrations, VA at which the breath was held is expressed as per cent of the total lung capacity (TLC), defined here as the sum of the residual volume and the largest vital capacity obtained either by single breath maneuver or conventional spirography. Studies at a VA lower than 40 per cent of TLC were difficult because about 1,350 ml of gas was required for dead space washout and alveolar sample. Further, in older individuals the residual volume itself often occupied as much as 40 per cent of the TLC. RESULTS (Table I) . Whenever large variations between duplicates were obtained, it was observed that the greater value was almost always associated with the deeper inspiration or larger alveolar volume, VA. Since mere instruction to inhale maximally without practice or coaching resulted in variations of VA by as much as 40 per cent, an effort was made to keep VA constant. One normal subject, by observing the spirographic tracing, controlled inspiration so that for eight measurements of DL, VA remained within 70 ml of the mean. The coefficient of variation of the DL for that series was reduced to 3 per cent ( Table I) . Because of this, during the next 3 years the lung volume has been considered in all clinical and statistical evaluations of single breath DL. As a result the coefficient of variation has been markedly reduced. For example, in 67 re-'cent patients with alveolar-capillary block, the coefficient of variation was 2.6 per cent compared with 10.7 per cent in similar cases studied before 1957 (Table I ). This variation is considerably lower than any previously reported (7, 14) .
Variation of
These observations suggested studies which would permit quantitation of the relationship between VA and DL. A total of 248 determinations was made on 14 normal subjects and 15 patients with nonobstructive pulmonary disease (Tables   II and III (12) ; for this the effective VA was assumed to be functional residual capacity plus one-half tidal volume. VA so that a plot could be made ( Figure 3 ). The similarity of these curves to our plateau type shown in Figure 1 requires no comment.
2. "Instantaneous DL." The demonstration that DL changes with VA, together with the possibility that DL may actually diminish during the period of breath-holding (3), suggests that the final value calculated by this method may be merely a composite due to several dynamic events occurring during the maneuver. An experiment was designed to measure the instantaneous value of DL while the VA increased during inspiration, thus eliminating the decrease of DL which may occur while the breath is held.
Spirometer paper was marked with slopes representing given rates of inspiration. After some training the subject was able to inspire at a constant rate following these pre-drawn lines. Only two comparatively slow rates of inspiration, 300 and 525 ml per second, were used because technical difficulties prevented inspiration at faster constant rates. Inhalation proceeded, starting from residual volume, at the predetermined rate and an alveolar sample was then delivered quickly without breath-holding. A number of points was obtained by ending inspirations at varying inspired volumes.
The rate at which FACO should have risen during inspiration, were it not for diffusion, could be calculated from the ratio of expired to inspired helium ( Figure 4 , curve A). The actual FACO obtained by gas analysis is indicated by curve B. The concentration of CO within the lungs at any moment is the quantity of CO which has been inspired less the CO which has left by diffusion.
The volume of CO which has been taken up by the blood at any given moment can be calculated by subtraction: curve A -curve B = curve C. Figure 1) ; at the faster rate the DL starts to rise almost at once and continues to rise throughout inspiration. The shape of curve D would be altered materially by correction for back pressure, to be discussed subsequently. Obviously, the relationships shown in Figure 4 may be expressed algebraically in the form of differential equations.5 Unfortunately, the final equation for curve D contains the expression for the slope of curve B or C which must still be obtained by graphic construction.
3. The effect of CO back pressure upon DL. The calculation of DL by Equation 1 depends upon the validity of the assumption that the carbon monoxide in the pulmonary capillary blood exerts no significant pressure (back pressure). It is now known that there is not sufficient time in the pulmonary capillary for complete equilibration to occur between CO in free solution and that combined with hemoglobin (15, 16 To circumvent the problems of measuring the actual plasma tension, experiments were made to show: a) the change of COHb saturation with multiple single breath determinations, b) the effect of this change in saturation upon the DL actually obtained, and c) the order of magnitude of the back pressure which probably exists.
In five normal subjects the COHb saturation was raised by several periods of 0.1 per cent CO breathing. Multiple determinations of DL (at maximal VA) and of COHb saturations were made before and after each CO breathing period. At least 5 minutes was allowed between each test and each CO breathing to permit re-equilibration of the lungs with ambient air. The CO uptake resulting from both the CO breathing and the breath-holding tests was calculated and recorded. The measured COHb saturation was compared to a COHb saturation calculated from this CO uptake and an assumed blood volume. The two values were nearly the same at saturations up to 15 per cent. At higher saturations the measured blood saturation was always lower than that calculated from CO uptake, presumably because of the greater rate of CO loss from the lungs during intervals between tests.
The single breath DL obtained at constant VA was plotted for different COHb saturations (Figure 5) CADIGAN, MARKS, ELLICOTT, JONES AND GAENSLER COHb saturations at the bottom of Figure 5 , resulted in carboxyhemoglobin dissociation curves effective during these special conditions for each individual subject. Pe was from 1.3 to 2.5 times greater than back pressures calculated from Haldane's equation. Forster and co-workers (3) found that, contrary to theory, the relation between the logarithm of alveolar CO tension and the time of breath-holding was not linear even when correction was made for back pressure. Three such breath-holding curves are plotted for E. G. duce the same slope for 10-second breath-holding at all COHb saturations, since this was the assumption for calculation of Pe. The fact that the corrected slopes are the same also at 20 seconds, despite differences in COHb saturation, and that straight lines are produced up to 60 seconds in the two other subjects (Figure 6 ) suggests that the observed alinearity is not the result of different diffusing phases, as stipulated by Forster and associates (3) but rather due to back pressure. Decay curves at two different lung volumes in Subject A. M. (Figure 6 ) were also straightened but the slopes remained dissimilar. This suggests that the change in DL with VA is not due to back pressure effect alone. These results appear to support the original assumption that back pressure is zero at zero COHb saturation, that the concept of true DL is valid, and that Pe, in fact, is the effective back pressure. 4 Variations in the lung volume at which the breath was held appeared to explain in large part the variability of the test (Table I) . Careful control of the lung volume has increased the clinical usefulness of the procedure (5) . A rising back pressure was ruled out as a source of serious variation in repetitive tests ( Figure 5 ). The cumulative effect of plasma CO was so small that the progressive change in DL was within the limit of error of the various physical analytical procedures unless more than 10 or 12 consecutive observations were made.
As soon as the test was devised by Krogh (2) she noted changes in the diffusing capacity related to alveolar volume. Because DL decreased in proportion to VA until FRC was reached but remained unchanged thereafter, she postulated that the effective membrane progressively decreased in size down to FRC, but that further reduction of DL from this point on was prevented by infolding of the membrane. Forster, Ogilvie and their associates (3, 6, 7, 19) were not able to confirm this finding and thought that Krogh's results were due to the variable conditions of the initial alveolar sampling which they had eliminated by the use of helium. Recently, they reported data of five patients with a mean increase of DL of only 9 per cent as VA rose 53 per cent from 3 to 4.6 L (7). However, the low VA was considerably above FRC, and the inclusion of one subject with an unusually high DL at the low volume weighted the results. Excluding this individual, the mean increase of VA would have been 15 per cent.
Data obtained with the helium technique supporting Krogh's contention were first mentioned in a study from our laboratory comparing different methods (4), and have since been confirmed by others (14, 20, 21) . More recently, in an effort to develop a prediction formula for the single breath DL, we found a significant variation of DL with VA in all but 4 of 98 normal subjects (Figure 7) ; and in 22 patients with chronic beryllium poisoning who had a series of single breath tests at widely differing lung volumes, the expected correlation with VA was found every time (5) .
The second problem, the numerical difference between the apparent DL (4, 14, 20, 22) . A single dissenting opinion (13) appears to have been based on a laboratory analytical error (23) .
The total resistance to diffusion, 1/DL, has been shown to be a composite of the resistance across the pulmonary membrane separating alveolar air from the surface of the red cell, 1/DM, and the "intracapillary resistance" due to the time taken for CO diffusion into the red blood cells and reaction with hemoglobin, 1/9V,; 9 is the number of milliliters of CO taken up by the red cells in 1 ml of blood per minute per 1 mm Hg pressure gradient of dissolved gas between the plasma and the interior of the red cell, and V, is the total volume in milliliters of blood in the lung capillaries exposed to alveolar air (17, 24) .
Consideration of the factors affecting the magnitude of DL obtained by different techniques and at different lung volumes thus must include: a) possible variations of DM and Vc, b) whether CO back pressure is equally "negligible" under all circumstances, and c) whether in a given individual "the same lung" is being sampled under different circumstances.
The reaction rate, 0, can be excluded from consideration. In the same individual at rest, 0 can be changed only by altering significantly the mean pulmonary capillary oxygen tension. This is not the case in the techniques under consideration.
The diffusing capacity of the membrane, Dm, using the same gas, can be altered only by changing the thickness or area or both of the gas-blood interphase. Krogh (2) and several investigators since (14, 20, 25, 26) have attributed the increase of DL with increasing VA to a stretching and consequent thinning and increase in area of the membrane. Even the increase of DL with exercise has been attributed to a larger membrane surface resulting from an elevation of the pulmonary midposition (25, 26) . Few data appear to support this thesis. The fact that the steady state DL value falls on a line relating single breath DL and VA at a point where VA approximately equals FRC (Figures 1 and 2 ) mlay be fortuitous because the ustual calculations und(lerestimate the true steady state DL (27) . Our determinations of this value during body-respirator-induced increase of FRC also do not lend support to the "stretch theory." (8) . The back pressures effective during the single breath test, Pe (column c), were taken from the curves of Figure 5 , and averaged 0.030 mm Hg. This corrected the single breath DL to a mean value Obtained from Figure Finally, it must be questioned whether different techniques sample "the same lung" in a given individual. Forster (19) reviewed the theoretical effects of non-uniformity of lung on estimation of pulmonary diffusing capacity. He concluded that the physiological dead space steady state technique, which is the only steady state method we have used, tends to give lower values for DL than the single breath method, especially in the presence of non-uniform alveolar blood flow:ventilation ratios. Marshall (20) concluded on the basis of results of fractional alveolar gas sampling that steady state methods, particularly the alveolar sampling techniques, measure combined effect of poor diffusion and unequal ventilation while single breath measurements are independent of unevenness of ventilation and affected only by membrane and capillary blood volume. Therefore, he felt that the single breath technique is a measure of the potential diffusing capacity.
Perhaps there is an analogy between DL and lung compliance (CL) measurements in patients with markedly non-uniform ventilation. In these a very large CL value is obtained during breathholding, because the entire lung is sampled. With increasing frequency of breathing, compliance steadily decreases because there is more and more "trapping," and as a result a progressively smaller and smaller lung is being sampled (33 ease than in normal subjects, is borne out by a large number of data from our laboratory. Figure  8 shows plots of single breath DL against physiological dead space steady state DL. The single breath value was larger and the discrepancy was greater in patients than in normal subjects, and was greatest in emphysema. In 13 normal young subjects in whom ventilation-perfusion ratios presumably were nearly "ideal," the single breath DL was 1.6 times larger than the steady state DL. In patients with relatively "pure" alveolar-capillary block there is usually unevenness of blood flow (4, 5) and occasionally uneven ventilation (34) . In 28 such patients with diffuse fibroses, the single breath DL was 2.3 times larger than the steady state DL (4) . In 14 patients with sarcoidosis and in 24 with berylliosis, including a few with complicating emphysema, it was 2.5 times larger (5). Finally, in 19 patients with moderate to far-advanced emphysema, the single breath DL was 3.4 times or almost 200 per cent larger (35) . These relationships are shown in Figure 8 .
In emphysema familiar landmarks such as "ldead space," "alveolar gas" and "effective ventilation" virtually disappear (33 Figure 9 .
These observations suggest that inequalities of ventilation, of perfusion or of ventilation-perfusion ratios, are important factors in the discrepancy between results of physiological dead space steady state and single breath DL methods. At least in some individuals the two tests do not sample "thie same lung."
SUMMARY AND CONCLUSIONS
The helium dilution modification of the Krogh single breath technique is an attractive method for measurement of the apparent diffusing capacity of the lungs (DL) because it is bloodless and, with known residual volume, requires but a few minutes. However, experience with this method during the past 7 years has emphasized certain problems. These were: a) failure of repeated tests to check closely, b) a much larger numerical result than that obtained with 02 or CO steady state DL techniques in normal subjects, and c) an even greater discrepancy in patients Changes of similar magnitude were observed during exercise. Subsequently, with over 600 determinations in 98 normal subjects this DL-VA relationship failed to occur only four times.
Both in normal subjects and in patients, the single breath DL was invariably larger than the "physiological dead space" steady state DL.
The following variables were considered to explain these observations: 
